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Persistent holes have been burnt in the spectra of post-etiolated maize leaves in the spectral interval 700-745 
nm at 5 K. Narrow (< 1 era -x) holes detectable both in fluorescence and excitation spectra correspond to 
the zero-phonon purely electronic SFS0 transition of chlorophyll a rather than to the S~-S0 vibronic or 
Sn~S0 higher singlet ransitions. The spectral composition of the inhomogeneously broadened absorption 
and fluorescence ontours of long-wavelength c lorophyll a forms in plants is discussed in terms of the con- 
tributions of phonon-wings, vibronic satellites, purely electronic Sl-S0 transitions and its higher excitonic 
components. 
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1. INTRODUCTION 
Optical spectra of chlorophylls (Chls) as integral 
constituents of photosynthetically active 
organisms and those of extracted pigments in 
diluted solutions display remarkable differences. 
Particularly, in higher plants the strongest 
fluorescence band peaking at -740 nm at low 
temperatures is red-shifted by -1400 cm -1 as com- 
pared with the monomeric Chl a fluorescence max- 
imum in solutions. Such red-shifts are ascribed to 
pigment-pigment [1-4] or pigment-protein [5] in- 
teractions, which have been substantiated by 
theoretical [3,4] and experimental [1,2,4] studies of 
various model systems. In spite of numerous pec- 
troscopic investigations of intact samples and 
chlorophyll-protein particles [6-10], many impor- 
tant questions are still of current interest, e.g. 
those concerning the positions of electronic and 
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vibronic levels of pigments in vivo, the 
heterogeneity of spectral bands, the strength of 
vibronic and electron-phonon coupling, etc. 
Low-temperature laser spectroscopy has provid- 
ed extensive information about the electronic and 
vibrational energies of chlorophylls in frozen 
organic solvent hosts [11]. It has been shown that 
a number of more complicated systems, such as 
native phycoerythrin [12], reaction centers of 
Chlamydomonas [13], photoactive protochloro- 
phyllide-holochrome [14] and photosystem (PS) I 
preparations from higher plants [15], retain zero- 
phonon lines appearing as narrow holes in the 
spectra after selective phototransformation f
absorbing species under monochromatic illumi- 
nation. 
In this study, we have succeeded in burning nar- 
row and deep holes in the spectra of long- 
wavelength Chl a (absorbing at A > 700 nm) on 
maize leaves in late stages of greening. It has been 
demonstrated that at 5 K resonant zero-phonon 
transitions occur both in fluorescence and absorp- 
tion even at 745 nm, while the coupling of the $1 
' So electronic transition with matrix phonons 
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and intermolecular vibrations is not essentially 
stronger than in monomeric Chl a. 
2. EXPERIMENTAL 
Maize seeds were grown in the dark at 25°C for 
10 days. After being exposed for 2 days at daylight 
(1 mW.cm -z) they turned remarkably green. A 
piece of a leaf was placed between quartz plates 
and cooled in a liquid He cryostat for a few 
minutes at 5 K. Excitation was performed with an 
oxazine 1 dye laser pumped by a Coherent 
CR-2000 Kr ÷ laser. The dye laser was tuned in the 
700-780 nm region by a mechanical rotation of a 
Lyo filter consisting of 3 quartz plates. Placing 2 
plain-parallel quartz etalons into the cavity en- 
abled one to reduce the linewidth from 3 = 
0.6 cm -1 to less than 0.06 cm -~, rendering the 
laser continuously non-tunable. The dye laser out- 
put was kept constant by a Coherent model 307A 
noise reduction system. The registration system 
consisted of a double grating DFS-24 mono- 
chromator, a RCA C31034A-02 Peltier-cooled red- 
sensitive photomultiplier functioning in a single 
photon-counting mode and a Nokia LP-4900B 
multichannel analyzer. Fluorescence spectra were 
corrected for the spectral sensitivity of the spec- 
trometer system. 
3. RESULTS AND DISCUSSION 
The fluorescence spectrum of a greening maize 
leaf at 5 K (fig.l, curve 1) is very similar to the one 
of intact chloroplasts [8], showing that both 
photosystems and their antennas are fully 
developed. The 736 nm fluorescence band arises 
mainly from the antenna connected with PS I  
although at 700 < A < 735 nm the fluorescence in- 
tensity of PS II [16] and light-harvesting Chl a/b 
protein [17] is also significant. 
After 5 min exposure to the 20 mW .cm -2 inten- 
sity a slight decrease (1-2°70) occurred in the ab- 
sorption of the leaf (the burning wavelength }kburn 
was set at 725 nm). However, in the excitation 
spectrum, when recording was set only 5 nm from 
Abur., the hole-depth reached 22070 of the initial in- 
tensity. In this way holes can be registered (fig.2a) 
within the spectral interval spreading from 700 to 
745 nm (fig. 1, curve 2). Rather deep holes (-1007o) 
were observed also in fluorescence mission spec- 
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Fig.1. Fluorescence spectrum (curve 1) (excited at 
441.6 nm) and excitation spectrum (curve 2) (recorded at 
770 nm) of a greening maize leaf at 5 K. Holes were 
burnt at A denoted by arrows. 
tra when the excitation wavelength (Ae) was shifted 
upwards from ,~burn by 5 nm (fig.2b). A hole nar- 
rowing by a factor of -2  (fig.2a, curve 1) was seen 
on burning with a single-frequency laser and re- 
cording the excitation spectrum with a broad-band 
laser (~ = 0.6 cm-~). Thus, the real holewidth must 
be less than 0.6 cm -1. The appearance of a hole in 
both absorption and fluorescence spectra and its 
narrowness means that burning affects the first 
purely electronic zero-phonon transition rather 
than the vibronic or higher electronic ones [18,19]. 
Thus we came to the conclusion that in leaves at 
low temperatures Chl a forms with S~-S0 energies 
ranging from 13400 cm -1 (745 nm) to 14300 cm -1 
(700 nm) are represented. 
The saturated eepness of holes revealed that the 
contribution of zero-phonon lines to the red- 
shifted S~ , So and S1 'So  transition inten- 
sities of Chl a in plants is not essentially lower than 
in glassy diluted solutions of the same pigment 
[111. 
'Selective' excitation in the 700-745 nm region 
produces a broad fluorescence band with no 
resolved vibronic structure (fig.3, curve 2). In con- 
trast to the selective fluorescence spectra of 
monomeric Chl a, where the intensity maximum 
lies close to Ae and corresponds to the phonon wing 
of the 0-0 transition and to the pseudo-wings of the 
nearby-positioned 0-0 lines [11], the broad max- 
imum in leaves is remarkably red-shifted (by 
15-25 nm). The red-shift of the fluorescence band 
and weakening of lines have been observed in con- 
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Fig.2. Holes in excitation (curve 1) and fluorescence 
(curve 2) spectra, burnt with a single-frequency (~< 
0.003 nm) (a) and a broad-band (~ = 0.03 nm) (b) laser, 
respectively (intensity, 4 mW-cm-2; exposure time, 
4 min). Excitation spectra were obtained by scanning the 
broad-band laser with broad-band fluorescence 
recording (1 nm). 
centrated (10 -2 M) monomeric Chl a solutions in 
frozen organic glasses where energy migration 
takes place [20]. The energy transfer leads to an ef- 
fective disappearance of vibronic lines simply 
because the absorption and emission acts are 
located at different molecules with different S1-S0 
energies. 
As far as the vibronic band intensity (at 810 nm) 
in fluorescence is concerned (fig.3, curve 2), it 
comprises about 10°7o f the 0-0 band as in the case 
of the 'free' pigment. Furthermore, the distance 
between 0-0 and vibronic bands (-1250 cm -l) re- 
mains the same as in Chl a solutions. 
The nature of absorption in the long-wavelength 
region in leaves is less clear. It is highly probable 
that the higher excitonic omponents of the $1 ' 
So (and $2 ' So) transition make the main con- 
tribution to the absorption cross-section. This ex- 
plains why the holes in absorption are so shallow. 
The level-splitting has been documented for Chl- 
pigment complexes absorbing at A < 700 nm by cir- 
cular dichroism measurements [17,21], but to our 
knowledge no definite evidence is available about 
the excitonic interactions in the spectral range A > 
700 nm. 
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Fig.3. Selective fluorescence (curve 1) and excitation 
(curve 2) spectra of a greening maize leaf. Excitation 
(recording) was set in the region of purely electronic 
zero-phonon transitions of the long-wavelength forms of 
Chl a at 727 nm. 
Summarizing the results presented above, we 
found that at 5 K the 736 nm fluorescence band of 
plants is built up largely by purely electronic zero- 
phonon transitions and their phonon wings. The 
large Stokes shift between fluorescence and excita- 
tion contours (fig. 1, curve 3) is conditioned, first, 
by an efficient directed energy transfer within an 
inhomogeneously broadened SI-S0 manifold of 
centers and, second, by absorption via higher ex- 
citonic levels, rather than by the enhancement of 
vibronic transition intensities at the expense of 0-0 
ones, as stated earlier [10]. The relative concentra- 
tion of fluorescent raps with S1-So energy at 
730-740 nm is quite low, although the latter 
receive most of the energy even when excited at Ae 
< 700 nm. At physiological temperatures these 
traps cannot compete with reaction centers due to 
thermally-activated energy back-transfer processes 
[22]. It is, however, plausible, that these forms are 
further red-shifted at low temperature, owing to 
the contraction of the protein matrix, which brings 
pigment molecules closer to one another. 
Strong pigment-pigment and/or pigment- 
protein interactions capable of shifting the transi- 
tion energies by _> 103 cm -1 should by no means be 
accompanied by any remarkable strengthening of 
electron-phonon coupling. It has been shown that 
in the photoactive protochlorophyllide P-656 in 
etiolated leaves, whose fluorescence maximum is 
red-shifted by 30 nm in comparison with solutions 
of free pigment, deep holes can be formed and 
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high-resolution fluorescence spectra obtained [14]. 
Further studies of temperature and wavelength 
dependence of the hole-widths should establish 
whether any relaxation time (fluorescence decay or 
photon echo decay times [23]) is correlated with 
the linewidths of persistent spectral holes. 
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